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57) A method and apparatus are provided for 
introducing a main fuel (12) and a pilot fuel (14) 
which is more readily flammable than the main 
fuel and which serves to ignite the main fuel 
into an internal combustion engine (10) having 
at least one cylinder having a combustion 
chamber. A set of conditions are defined to 
constitute high load conditions on the engine 
and to constitute low load conditions on the 
engine. The load conditions are detected. At 
high load conditions, the main fuel is intro- 
duced into the combustion chamber prior to 
introducing the pilot fuel and the pilot fuel is 
introduced into the combustion chamber a pre- 
determined amount of time after the introduc- 
tion of the main fuel. At low load conditions the 
pilot fuel is introduced into the combustion 
chamber in advance of the main fuel, and the 
main fuel is introduced into the combustion 
chamber a predetermined amount of time after 
the introduction of the pilot fuel. 
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TECHNICAL FIELD 

This invention relates apparatus and a method of 
combining diffusion combustion and premixed com- 
bustion in a dual fuel system by controlling the timing 
of the pilot fuel and main fuel injections. The appara- 
tus and method of this invention may be used to ad- 
vantage in duel fuel diesel engines, and especially lo- 
comotive engines. 

BACKGROUND OF THE INVENTION 

Diesel engines efficiently convert the latent heat 
of hydrocarbon fuel into useful mechanical power. In 
the operation of conventional diesel engines, a me- 
tered amount of fuel is injected into each cylinder of 
the engine at recurrent intervals synchronized with ro- 
tation of the engine crankshaft to coincide with the air- 
compression stroke of a reciprocating piston. As the 
pressure in the combustion chamber increases, the 
compression temperature in the cylinder rises and the 
injected fuel is soon hot enough to ignite. The result- 
ing combustion or firing of fuel in the cylinder forces 
the piston to move in the opposite direction, thereby 
applying torque to the engine crankshaft. 

Conventional diesel engine fuel is a relatively low 
grade, refined petroleum known generally as diesel 
fuel oil which has desirable ignition and heat release 
characteristics. Diesel fuel oil has acceptably low lev- 
els of corrosive,, abrasive and other noxious matter, 
and it is in ample supply at the present time. 

Diesel engines typically burn fuel in a diffusion 
combustion mode. In that mode, the fuel burns as it 
comes into the chamber before it is well mixed with air. 
Since only pure air is compressed in the compression 
stroke of the engine, a high compression ratio can be 
used to obtain high cycle efficiency. However, the lo- 
cal combustion air to fuel ratio cannot be controlled. 

On the other hand, gasoline engines, such as au- 
tomobile engines, burn fuel after it has been well 
mixed with air. This mode of burning fuel is called pre- 
mixed combustion. In this mode, the fuel is p re-mixed 
with air to form a combustible mixture. The mixture is 
compressed in the compression stroke of the engine. 
The compression ratio is limited to a lower value to 
avoid the hazardous "detonation" or "knock". Lower 
cycle efficiency results. However, the combustion air 
to fuel ratio can be controlled. In this case, the advan- 
tage of "lean burn" can be obtained. The conventional 
gas engine operates in this combustion mode. Usual- 
ly, the gas fuel is introduced at low pressure either 
into the intake manifold or directly into the engine cy- 
linder before the compression stroke. This is also 
known as low pressure gas engine. There are other 
advantages and disadvantages to premixed combus- 
tion, which are well known to those skilled in the art. 
There are also other advantages and disadvantages 
of diffusion combustion, which are also well known to 



those skilled in the art. 

Recently, some dual fuel gas engines, called 
high pressure injection gas engines, have become 
known in the art. They also utilize a d if fusion combus- 
5 tion mode, with ignition source which is used to ignite 
the fuel. 

More than 65 years ago it was recognized that a 
small amount of readily ignitable pilot fuel could be in- 
jected in diesel engines to improve combustion of 

10 "heavy" hydrocarbon fuels that are otherwise difficult 
to ignite. See British Patent No. 124,642. As used 
herein, the term "pilot fuel" means relatively light hy- 
drocarbon fuel (e.g. methanol or even standard diesel 
fuel oil) characterized by being significantly easier to 

15 ignite than the primary fuel in the injection system. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to combine 
20 the advantages of diffusion combustion and pre- 
mixed combustion in a diesel engine. 

It is also an object of the present invention to re- 
tain the full high efficiency and high output advantag- 
es of the high pressure gas injection engine, and at 
25 the same time, maximally utilize the "lean burn" pre- 
mixed combustion concept to reduce NOx and partic- 
ulate emissions. This is accomplished through vary- 
ing the relationship of the pilot and gas fuel injection 
timings. 

30 I n accordance with the present invention, a meth- 
od of operating a dual fuel internal combustion engine 
having at least one cylinder having a combustion 
chamber is provided in which one of the fuels is a pilot 
fuel which burns more readily than the other fuel, 

35 which is the main fuel. In one embodiment of this in- 
vention, for example, the pilot fuel is conventional die- 
sel fuel, and the main fuel is natural gas. Both fuels 
are fed into the engine cylinder through high pressure 
injection nozzles. The pilot fuel serves to ignite the 

40 main fuel. The timing of the injection of the pilot fuel 
and main fuel depends on whether the engine is op- 
erated at low load conditions or at high load condi- 
tions. Thus a set of conditions is defined to constitute 
high load conditions on the engine, and defining an- 

45 other set of conditions is defined to constitute low 
load conditions on the engine; 

The load conditions on the engine are detected. 
At high load conditions, the main fuel is introduced 
into the combustion chamber prior to introducing the 

50 pilotf uel. The pilotf uei is introduced into the combus- 
tion chamber a predetermined amount of time after 
the start of and during the main fuel introduction. The 
amount of main fuel that is injected into the engine cy- 
linder before pilot fuel introduction cannot be self- 

55 ignited and will mix with air. It forms the pre-mixed 
portion of combustible fuel that will burn later. The 
fuel that is injected after pilot fuel injection will be ig- 
nited by the pilot fuel and bums as soon as it enters 
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the engine cylinder. It does not have time to fully mix 
with air, therefore will burn in the diffusion combus- 
tion mode. It also serves as a strong ignition source 
for the earlier pre-mixed part of the fuel. Alternately, 
the pre-mixed part of the fuel can be low pressure gas 5 
supplied through the intake manifold of the engine, 
provided the air to fuel ratio ("A/F") does not cause en- 
gine "knock" during compression stroke. Yet another 
alternative could be any easily evaporated fuel, such 
as gasoline, to be supplied in the intake manifold and 10 
pre-mixed with air. At low load conditions, the pilot 
fuel is injected into the combustion chamber in ad- 
vance of the main fuel, and the main fuel is introduced 
into the combustion chamber a predetermined 
amount of time after the introduction of the pilot fuel. 1 5 
All fuels burn in the diffusion mode. 

In order to fully utilize both the high efficiency as- 
sociated with the high pressure injection gas engine 
cycle and the low emission characteristics of the low 
pressure lean burn" gas engine cycle, the injection 20 
timing of the pilot fuel should be in retard of the gas 
injection timing at the higher load operation condi- 
tions where the overall A/F of combustion gas is 
above the lower f lammability limit. At the lower load 
conditions where the combustion gas overall A/F falls 25 
out of the flammability limit, the pilot fuel injection 
timing has to be in advance of the gas fuel injection 
timing. A hybrid of the two combustion modes can 
make the engine benefit from both. 

This invention also includes injection apparatus 30 
for separately injecting primary fuel and a high com- 
bustion auxiliary fuel into combustion chambers of an 
internal combustion engine having at least one cylin- 
der having a combustion chamber and a diesel loco- 
motive engine including such apparatus. The injec- 35 
tion apparatus includes means for defining a set of 
conditions to constitute high load conditions on the 
engine, and defining another set of conditions to con- 
stitute low load conditions on the engine. It also in- 
cludes load sensing means for detecting the load con- 40 
ditions of the engine. Control means are provided for 
determining the relationship of the timing of the injec- 
tion of the auxiliary fuel into the combustion chamber 
with respect to the primary fuel in cooperation with 
the load sensing means to achieve a predetermined 45 
specific fuel consumption, a predetermined combus- 
tion efficiency, and a predetermined peak cylinder fir- 
ing pressure. Means are provided for introducing the 
main fuel into the combustion chamber at high load 
conditions prior to introducing the pilot fuel and for in- so 
troducing the pilot fuel into the combustion chamber 
a predetermined amount of time after the introduction 
of the main fuel. Means are provided for introducing 
the pilot fuel into the combustion chamber at low load 
conditions in advance of the main fuel and for intro- 55 
ducing the main fuel into the combustion chamber a 
predetermined amount of time after the introduction 
of the pi lot fuel. 



Since this invention uses a hybrid of diffusion 
and pre-mixed modes of combustion, about half of the 
total fuel is burned in each of the two modes of com- 
bustion, therefore it will be named the "H-Combustion 
Process." 

THE DRAWINGS 

Figure 1 is a sketch showing one embodiment of 
a dual fuel combustion chamber which may be used 
in the present invention. 

Figure 2 is a sketch showing the angle at which 
the pilot fuel and main fuel are injected in the combus- 
tion chamber shown in Figure 1. 

Figure 3 is a graph showing the timing of the in- 
troduction of the pilot fuel and gas fuel at high load 
conditions. 

Figure 4 is a graph showing the timing of the in- 
troduction of the pilot fuel and gas fuel at low load 
conditions. 

Figure 5 is a block diagram illustrating apparatus 
used in the invention. 

DETAILED DESCRIPTION 

Figure 1 depicts the components of a typical 
combustion chamber of a cylinder in a diesel engine 
that are relevant to this invention. Cylinder 10 of the 
diesel engine houses a reciprocating piston 11 which 
is operatively connected to a crankshaft (not shown) 
as is known to those skilled in the art. The combustion 
chamber 16 of the cylinder 10 consists of the area in 
the cylinder between the top 15 of the piston 11 and 
below the cylinder head 17. 

Cylinder 10 is provided with means for introduc- 
ing two fuels into the combustion chamber 16. Means 
for introducing the main fuel comprises main fuel in- 
jector 12. In the two fuel injection system shown, the 
main fuel is compressed natural gas and the other 
fuel is a readily combustible fuel, such as pilot diesel 
fuel. In the embodiment illustrated, a separate fuel in- 
jector 14 is used to inject the pilot fuel. Alternatively, 
one injector having two fuel systems may be used. In 
either case, such fuel injectors are known to those 
skilled in the art. 

As is known to those in the art, conventional die- 
sel engines typically have a crankshaft mechanically 
coupled to a variable load such as the rotor of an al- 
ternating current generator that supplies electric pow- 
er to an electric load circuit The power output of the 
generator and hence the load imposed on the engine 
crankshaft is limited by a regulator. The engine typi- 
cally has multiple sets of two cylinders in which reci- 
procating pistons are respectively disposed, the pis- 
tons being respectively connected via rods and jour- 
nals to individual eccentrics or cranks of the crank- 
shaft. In a typical medium speed 4, 000- horse power 
engine, there are 16 cylinders, the cylinder bore is ap- 
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proximately nine inches, and the compression ratio is 
of the order of 12. Each cylinder has air inlet and ex- 
haust valves (not shown) that are controlled by asso- 
ciated cams on the engine camshaft which is mech- 
anically driven by the crankshaft In a 4-stroke engine, 5 
the camshaft turns once per two full revolutions of the 
crankshaft, and therefore 2:1 speed reducing gearing 
is provided. 

In one embodiment of this invention, a multi-cy- 
linder diesel engine has cylinders having a 229 mm 10 
bore, a 267 mm stroke and a rated speed of 1050 rpm. 
The combustion chamber 16 has a central mounted 
pilot diesel fuel injector 14 and aside placed main fuel 
injector 12. The pilot fuel injection system and the 
main fuel injection systems are conventional systems 15 
known to those skilled in diesel engine systems and 
are controlled by conventional electronic control sys- 
tems, also known to those skilled in diesel engine sys- 
tems. The injection timings and quantities can be var- 
ied by those systems in accordance with the invention 20 
described below. 

High pressure (e.g., 3500-4000 psi) compressed 
natural gas is injected through the gas fuel (or main 
fuel) injector 12 providing the bulk of the fuel needed 
for full load operation. A small amount of diesel fuel, 25 
such as about 4% to about 7% by energy is injected 
through the pilot injector 14 to provide an ignition 
source for the gas fuel. Other readily combustible pi- 
lot fuels may also be used. This is known as the basic 
"High Pressure Gas Injection" design. 30 

Normally, the high pressure gas injection design 
burns the gas fuel in the diffusion combustion mode. 
The pilot fuel combustion causes the gas fuel to burn 
as soon as it enters the combustion chamber 16. In 
this fashion, the gas does not have time to be pre-mi- 35 
xed evenly with air before ignition. No combustible 
mixture of gas is subjected to high in-cylinder com- 
pression temperature and pressure. The well known 
uncontrollable "combustion knock" of reciprocating 
internal combustion gas engine will not occur. A high 40 
compression ratio can thus be used to obtain high ef- 
ficiency and high engine power output No special in- 
let air cooling to prevent "knock" is necessary. Since 
this design burns gas fuel in the same diffusion mode 
as liquid diesel fuel in a normal diesel engine, the 45 
emissions level is not much different from a standard 
diesel engine. For normal diesel engines, the emis- 
sions of concern are the high NOx level (8-10 gm/bhp- 
hr) and the black smoke (or particulate). Comparing 
the gaseous and liquid diesel fuel combustion proo 50 
esses, the NOx generation associated with local high 
temperature diffusion combustion is not altered. The 
soot formation process as a result of local fuel rich 
combustion is somewhat changed but not eliminated. 
The oxidation process of gaseous fuel is slightly fast- 55 
er due to the elimination of liquid fuel evaporation 
time. The amount of fuel subjected to pyrolysis before 
oxidation (basis of soot formation) becomes less. 



Thus, some improvements to smoke and particulate 
emission can be expected. 

Modern day low emissions lean burn pre-mixed 
gas engines can operate with very low NOx (2 
gm/bhp-hr) and particulate levels. This is done 
through timed injection of the low pressure gas into 
the air either just ahead of the intake valve or directly 
into the engine cylinder before the compression 
stroke. In order to achieve low emissions, the bulk of 
the gas fuel is burned at very lean mixture strength 
(low equivalence ratio) to keep the combustion tem- 
perature low. Since it is pre-mixed evenly with plenty 
of excess air, smoke or particulate resulting from in- 
complete combustion is also low. However, it does not 
have the same thermal efficiency and specific engine 
output as a liquid diesel fuel engine for reasons men- 
tioned in the previous paragraph. 

In a typical liquid diesel fuel engine operating at 
high engine output or high loads, the overall equiva- 
lence ratio (defined as the stoichiometric A/F divided 
by the actual A/F) is about 0.55 to 0.65. If the engine 
is turbo charged, this equivalence ratio is maintained 
down to about 30 % load. A high pressure gas injec- 
tion engine can operate in the same range. Alow pres- 
sure pre-mixed combustion engine also operates in 
this equivalence ratio range. 

The present invention calls for gas injection tim- 
ing in advance of pilot fuel injection timing at high load 
conditions. The injection timings and the resultant en- 
gine combustion heat release are shown in Figure 3. 
In one embodiment of this invention, as is shown in 
Figure 1, the pilot injector 14 is located in the center 
of the engine cylinder 1 0 with symmetrically distribut- 
ed fuel sprays. The high pressure gas injector 12 is 
located on the side of the cylinder, with sprays gen- 
erally aim towards the center of the cylinder 1 0. How- 
ever, the symmetry line of the spray is at an angle a 
to the cylinder diameter, as shown in Figure 2. Angle 
a should be a sufficient number of degrees so that an 
angular momentum to the cylinder charge results 
when the gas injection starts, and so that a substan- 
tial amount of the main fuel is intermixed with cylinder 
charged air prior to combustion. In the example 
shown, angle a is about 14 degrees, but it may vary 
depending on the dimensions of the cylinder, the ar- 
rangement of the pilot fuel injectors and gas fuel in- 
jectors with respect to one another, and on other fac- 
tors. The introduction of the main fuel at an angle is 
important to ensure the pre-mixed fuel sufficiently 
utilizes cylinder charged air. The gas that is injected 
before ignition will be pre-mixed with air before igni- 
tion. Since the overall equivalence ratio is correct, 
some pre-mixed lean burning of gas will occur. Con- 
sequently, some reduction of NOx and particulate 
emissions will be obtained. The earlier the gas fuel is 
injected in advance of the pilot fuel, the more pre-mi- 
xed type of burning will occur. The limit of gas injec- 
tion advance in relation to pilot fuel is the point at 
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which "knocking" would begin. Thus, low emission 
type of "lean burn" is used to the fullest extent while 
maintaining the high efficiency and output of a high 
pressure gas injection type engine. As stated before, 
the layout of the cylinder need not be exactly as 5 
shown. Aconcentnc dual fuel injector that can provide 
well mixing of pre-mixed fuel will also serve the pur- 
pose. Alternatively, the premixed portion of the fuel 
can be supplied through the intake manifold or into 
the engine cylinder before the compression stroke. w 

When the engine load is reduced below 30%, the 
overall equivalence ratio is found well below the 
f lammability limit for most gaseous fuel. For instance, 
it is in the 0.2 to 0.3 range, which is much below the 
0.46 lower f lammability limit for methane gas. There 1 5 
is virtually no inlet air boost at those low loads. The 
amount of fuel needed to support the low load oper- 
ations cannot bring the overall equivalence ratio of a 
naturally aspirated cylinder to be above the f lamm- 
ability limit Therefore, no pre-mixed combustion can 20 
occur. Gaseous fuel has to be burned in the diffusion 
mode as soon as it enters the cylinder. Otherwise, it 
will not be burned at all. Very high level of hydrocar- 
bon emissions can result. It is essential to inject the 
pilot fuel into the engine cylinder before the gas fuel 25 
as shown in Figure 4. In this manner, pilot fuel burning 
can support a diffusion type of combustion as soon 
as gas fuel enters into the engine cylinder. 

Apparatus for practicing this invention is shown in 
block diagram form in Figure 5. Each of the fuel injec- 30 
tors 12 and 14 (as shown in Figure 1) are operatively 
connected to fuel injection systems 51 and 53. The 
fuel injection system for the main fuel may be any sys- 
tem which is known to those skilled in the art. The fuel 
injection system for the pilot fuel 53 may be any sys- 35 
tern which is known to those skilled in the art. Sensor 
means 55, which may be pressure transducers, tem- 
perature sensors, and/or engine crank encoders are 
provided in communication with the combustion 
chambers, and/or the crank, and/or the linkage of the 40 
engine, and/or the throttle. Control means 57, which 
may be a computer or any microprocessor driven de- 
vice, are in communication with such sensor or sen- 
sors. The control means are operatively in communi- 
cation with the fuel injection systems, and control 45 
those systems in response to the throttle input. 

This invention uses a hybnd of diffusion and pre- 
mixed modes of combustion. It is named the "H-Com- 
bustion Process." 



Claims 

1. A method of introducing a main fuel and a pilot 
fuel which is more readily flammable than the 55 
main fuel into an internal combustion engine hav- 
ing at least one cylinder having a combustion 
chamber comprising: 



a. defining a set of conditions to constitute 
high load conditions on the engine, and defin- 
ing another set of conditions to constitute low 
load conditions on the engine; 

b. detecting the load conditions on the engine; 
and, 

c. at high load conditions, 

(1) introducing the main fuel into the com- 
bustion chamber prior to introducing the 
pilot fuel; 

(2) introducing the pilot fuel into the com- 
bustion chamber a predetermined amount 
of time after the introduction of the main 
fuel; and, 

d. at low load conditions 

(1) introducing the pilot fuel into the com- 
bustion chamber in advance of the main 
fuel; 

(2) introducing the main fuel into the com- 
bustion chamber a predetermined amount 
of time after the introduction of the pilot 
fuel. 

2. The method of claim 1 in which the main fuel is 
injected in a manner so that a substantial amount 
of it is intermixed with cylinder charged air prior 
to combustion. 

3. The method of claim 1 in which the pilot fuel is 
diesel fuel. 

4. The method of claim 1 in which the main fuel is 
natural gas. 

5. The method of claim 1 in which pre-mixed portion 
of the main fuel is gasoline. 



6. The method of claim 5 in which the gasoline has 
been premixed with air prior to its introduction 

. into the combustion chamber. 

7. The method of claim 1 in which the main fuel is 
natural gas, and the pilot fuel is diesel fuel, and 
in which the natural gas is injected into the com- 
bustion chamber at high load conditions so that 
about 50% of the total amount happens prior to 
the introduction of the diesel fuel. 

8. The method of claim 1 in which the main fuel is 
natural gas, and the pilot fuel is diesel fuel, and 
in which the diesel fuel is injected into the com- 
bustion chamber at low load conditions prior to 
the introduction of the natural gas. Within the ig- 
nition delay time (normally 1-2 ms) of the pilot 
fuel. 

9. Apparatus for separately injecting primary fuel 
and a high combustion auxiliary fuel into com- 
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bustion chambers of an internal combustion en- 
gine having at least one cylinder having a com- 
bustion chamber comprising: 

a. means for defining a set of conditions to 
constitute high load conditions on the engine, 5 
and defining another set of conditions to con- 
stitute low load conditions on the engine; 

b. load sensing means for detecting the load 
conditions of the engine; 

c. control means for determining the relation- 10 
ship of the timing of the injection of the auxil- 
iary fuel into the combustion chamber with re- 
spect to the primary fuel in cooperation with 

the load sensing means to achieve a predeter- 
mined specific fuel consumption, a predeter- 1 s 
mined combustion efficiency, and a predeter- 
mined peak cylinder firing pressure; and 

d. means for introducing the main fuel into the 
combustion chamber at high load conditions 
prior to introducing the pilot fuel and for intro- 20 
ducing the pilot fuel into the combustion 
chamber a predetermined amount of time af- 
ter the introduction of the main fuel; and, 

e. means for introducing the pilot fuel into the 
combustion chamber at low load conditions in 25 
advance of the main fuel and for introducing 

the main fuel into the combustion chamber a 
predetermined amount of time after the intro- 
duction of the pilot fuel. 

30 

10. Adiesel locomotive interna! combustion engine 
comprising at least two cylinders, each having a 
reciprocating piston operatively connected to a 
crank and combustion chambers, also compris- 
ing means for separately injecting a primary fuel 35 
and a high combustion auxiliary fuel into com- 
bustion chambers of an internal combustion die- 
sel engine comprising: 

a. means for defining a set of conditions to 
constitute high load conditions on the engine, 40 
and defining another set of conditions to con- 
stitute low load conditions on the engine; 

b. load sensing means for detecting the load 
conditions of the engine; 

c. control means for determining the relation- 45 
ship of the timing of the injection of the auxil- 
iary fuel into the combustion chamber with re- 
spect to the primary fuel in cooperation with 

the load sensing means to achieve a predeter- 
mined specific fuel consumption, a predeter- so 
mined combustion efficiency, and a predeter- 
mined peak cylinder firing pressure; and 

d. means for introducing the main fuel into the 
combustion chamber at high load conditions 
prior to introducing the pilot fuel and for intro- 55 
ducing the pilot fuel into the combustion 
chamber a predetermined amount of time af- 
ter the introduction of the main fuel; and, 



e. means for introducing the pilot fuel into the 
combustion chamber at low load conditions in 
advance of the main fuel and for introducing 
the main fuel into the combustion chamber a 
predetermined amount of time after the intro- 
duction of the pilot fuel. 
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